Mutations in the PARK6 gene coding for PTEN-induced kinase 1 (PINK1) cause recessive early-onset Parkinsonism. Although PINK1 and Parkin promote the degradation of depolarized mitochondria in cultured cells, little is known about changes in signaling pathways that may additionally contribute to dopamine neuron loss in recessive Parkinsonism. Accumulating evidence implicates impaired Akt cell survival signaling in sporadic and familial PD (PD). IGF-1/Akt signaling inhibits dopamine neuron loss in several animal models of PD and both IGF-1 and insulin are neuroprotective in various settings. Here, we tested whether PINK1 is required for insulin-like growth factor 1 (IGF-1) and insulin dependent phosphorylation of Akt and the regulation of downstream Akt target proteins. Our results show that embryonic fibroblasts from PINK1-deficient mice display significantly reduced Akt phosphorylation in response to both IGF-1 and insulin. Moreover, phosphorylation of glycogen synthase kinase-3β (GSK-3β) and nuclear exclusion of FoxO1 are decreased in IGF-1 treated PINK1-deficient cells. In addition, phosphorylation of ribosomal protein S6 is reduced indicating decreased activity of mitochondrial target of rapamycin (mTOR) in IGF-1 treated PINK1 −/− cells. Importantly, the protection afforded by IGF-1 against staurosporine-induced metabolic dysfunction and apoptosis is abrogated in PINK1-deficient cells. Moreover, IGF-1-induced Akt phosphorylation is impaired in primary cortical neurons from PINK1-deficient mice. Inhibition of cellular Ser/Thr phosphatases did not increase the amount of phosphorylated Akt in PINK1 −/− cells, suggesting that components upstream of Akt phosphorylation are compromised in PINK1-deficient cells. Our studies show that PINK1 is required for optimal IGF-1 and insulin dependent Akt signal transduction, and raise the possibility that impaired IGF-1/Akt signaling is involved in PINK1-related Parkinsonism by increasing the vulnerability of dopaminergic neurons to stress-induced cell death.
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Introduction
Recessive familial Parkinsonism is caused by mutations in the genes encoding the proteins Parkin, PINK1, DJ-1 and ATP132A (Bonifati et al., 2003; Kitada et al., 1998; Ramirez et al., 2006; Valente et al., 2004) . Many studies have shown that neurons and animals lacking Parkin, PINK1 or DJ-1 show increased sensitivity to oxidative stress and/or mitochondrial complex I inhibitors, and that all proteins harbor functions that directly or indirectly are critical for mitochondrial homoeostasis and, in Drosophila, the prevention of mitochondrial degeneration (Akundi et al., 2011; Canet-Aviles et al., 2004; Chen et al., 2010; Clark et al., 2006; Deng et al., 2008; Gautier et al., 2008; Gegg et al., 2009; Greene et al., 2005; Haque et al., 2008; Inden et al., 2006; Jiang et al., 2004; Kim et al., 2005b; Meulener et al., 2005; Park et al., 2005 Park et al., , 2006 Paterna et al., 2007; Pesah et al., 2004; Pridgeon et al., 2007; Saini et al., 2010; Thomas et al., 2011; Wood-Kaczmar et al., 2008) . In cell lines, PINK1 and Parkin cooperate to promote the degradation of depolarized mitochondria through autophagy (Dagda et al., 2009; Geisler et al., 2010; Narendra et al., 2010; Vives-Bauza et al., 2009 ). However, recent experiments have shown that PINK1/Parkin-mediated mitophagy of dysfunctional mitochondria is less effective in primary neurons due to different bioenergetic requirements (Van Laar et al., 2011 ). This does not rule out a critical involvement of impaired mitochondrial quality control in dopaminergic neuron loss. Rather, it suggests that impaired mitophagy as well as other defects jointly contribute to the demise of neurons in recessive Parkinsonism. Mounting evidence points to a stimulatory role of recessive PD gene products in Akt cell survival signaling (Aleyasin et al., 2010; Kim et al., 2005a; Murata et al., 2011; Yang et al., 2005) . Importantly, Akt signal transduction is also impaired in sporadic PD, where reduced levels of pSer473-Akt in the midbrain and tyrosine hydroxylase-positive neurons of the substantia nigra of PD patients compared to control subjects have been observed (Malagelada et al., 2008; Timmons et al., 2009) . IGF-1 protects neurons against multiple stresses through induction of Akt signaling (Zheng et al., 2000) . The importance of IGF-1 in the development and maintenance of dopaminergic neurons has been known for a long time (Beck, 1994) and is consistent with abundant expression of IGF-1 receptors in dopaminergic neurons of E-mail address: hansruedi.bueler@uky.edu (H. Büeler).
